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Abstract 
In this study, the effects of ground granulated blast furnace slag (GGBFS) content, alkaline solution to 
binder (Al/Bi) mass ratio, sodium silicate solution to sodium hydroxide solution (SS/SH) mass ratio, and 
additional water to binder (Aw/Bi) mass ratio on the compressive strength, setting time and workability of 
geopolymer pastes were studied. A series of mini-size specimen compression tests, setting time tests 
and mini-slump tests were conducted at ambient condition (23 ± 2 °C). The GGBFS and Class F fly ash 
(FA) were used as aluminosilicate source. The alkaline activator was a blend of sodium silicate solution 
and sodium hydroxide solution. Additional water was added to improve the workability and prolong the 
setting time. Based on the test results of compressive strength, setting time and workability, the optimum 
mix design was found to have GGBFS content of 40%, Al/Bi ratio of 0.5, SS/SH ratio of 2.0, and Aw/Bi ratio 
of 0.15. It was found that the properties of the geopolymer paste under optimum mix design were better 
than those of ordinary Portland cement (OPC) pastes. After that, the geopolymer concrete tests based on 
optimum mix design of geopolymer paste were conducted, in comparison with OPC concrete tests. It was 
found that the properties of geopolymer concrete were also better than the properties of OPC concrete. It 
is worth noting that this relatively simple and fast test methodology to obtain the optimum mix design of 
geopolymer concrete can help engineers save time and labour. Lastly, new mathematical models were 
proposed to predict the properties of geopolymer pastes, which showed high accuracy. 
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Highlights 10 
• A total of 28 geopolymer paste mixes were investigated in ambient condition. 11 
• A new simple test methodology was proposed to obtain the optimum mix of geopolymer concrete. 12 
• New mathematical models were proposed to predict the properties of geopolymer pastes with high 13 
accuracy. 14 
ABSTRACT 15 
In this study, the effects of ground granulated blast furnace slag (GGBFS) content, alkaline solution to 16 
binder (Al/Bi) mass ratio, sodium silicate solution to sodium hydroxide solution (SS/SH) mass ratio, 17 
and additional water to binder (Aw/Bi) mass ratio  on the compressive strength, setting time and 18 
workability of geopolymer pastes were studied. A series of mini-size specimen compression tests, 19 
setting time tests and mini-slump tests were conducted at ambient condition (23 ± 2 °C). The GGBFS 20 
and Class F fly ash (FA) were used as aluminosilicate source. The alkaline activator was a blend of 21 
sodium silicate solution and sodium hydroxide solution. Additional water was added to improve the 22 
workability and prolong the setting time. Based on the test results of compressive strength, setting time 23 
and workability, the optimum mix design was found to have GGBFS content of 40%, Al/Bi ratio of 0.5, 24 
SS/SH ratio of 2.0, and Aw/Bi ratio of 0.15. It was found that the properties of the geopolymer paste 25 
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under optimum mix design were better than those of ordinary Portland cement (OPC) pastes. After that, 26 
the geopolymer concrete tests based on optimum mix design of geopolymer paste were conducted, in 27 
comparison with OPC concrete tests. It was found that the properties of geopolymer concrete were also 28 
better than the properties of OPC concrete. It is worth noting that this relatively simple and fast test 29 
methodology to obtain the optimum mix design of geopolymer concrete can help engineers save time 30 
and labour. Lastly, new mathematical models were proposed to predict the properties of geopolymer 31 
pastes, which showed high accuracy. 32 
Keywords 33 
Geopolymer pastes; Geopolymer concretes; Fly ash; Ground granulated blast furnace slag; Optimum 34 
mix design. 35 
1. Introduction 36 
Ordinary Portland Cement (OPC) is the main construction material and is made by firing a mix of clay 37 
and limestone at temperatures above 1300 °C [1]. The process of manufacturing OPC produces a great 38 
amount of greenhouse gas and it adversely affects the environment. It is estimated that the production 39 
of one tonne of OPC can emit one tonne of CO2 [2]. However, geopolymer materials (pastes, mortars 40 
and concretes) have been proven to have comparable properties to OPC materials (pastes, mortars and 41 
concretes) [1, 3, 4], and  they can be made by activating industrial by-products, such as slag and fly ash, 42 
with alkaline solution [5-7]. Hence, geopolymer materials have a great potential to replace OPC 43 
materials and can significantly reduce the emission of CO2 [1, 8].  44 
The source of aluminosilicate and alkaline activator are important ingredients of the geopolymer 45 
materials. Although the polymerization process of geopolymer materials is still ambiguous, it was found 46 
that the mechanical properties of the geopolymer materials are influenced significantly by the chemical 47 
composition of source materials and alkaline activators [9-11]. Class F fly ash (FA) has been recognized 48 
as a suitable material for geopolymer materials due to its wide availability as well as pertinent silica 49 
and alumina composition [9]. However, the challenge is that the Class F fly ash-based geopolymer 50 
materials need to be cured at a high temperature. To cure it at ambient temperature, slag is usually added, 51 
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especially ground granulated blast furnace slag (GGBFS) [6, 7, 9, 12-14].  The incorporation of GGBFS 52 
in mix can greatly increase the CaO content in geopolymer materials, which was found to have a 53 
significant effect on the properties of geopolymer materials. With the increase of CaO content, the 54 
compressive strength of geopolymer materials increases and the setting time decreases [9, 12, 15, 16].  55 
On the other hand, the blend of sodium silicate (Na2SiO3) solution and sodium hydroxide (NaOH) 56 
solution are commonly used as the alkaline activator for geopolymer materials. It was found that the 57 
sodium silicate (Na2SiO3) solution to sodium hydroxide (NaOH) solution (SS/SH) mass ratio has a 58 
significant effect on the properties of geopolymer materials. However, different optimum SS/SH ratios 59 
were reported by different researchers, which may have been caused by varying components of alkaline 60 
solution (Al) and binder (Bi) used in their studies, as well as varying Al/Bi mass ratios. Nath and Sarker 61 
[9] found the best SS/SH ratio for compressive strength is 1.5 based on geopolymer mortar and concrete 62 
tests, where the Al/Bi ratio was set as 0.45. Morsy et al. [17] conducted a series of geopolymer mortar 63 
tests with Al/Bi ratio of 0.4 and reported that the optimum SS/SH ratio was 2. Bakri [18] conducted a 64 
series of fly-ash based geopolymer paste tests, and the specimens were cured at an elevated temperature. 65 
The results showed that the optimum value of SS/SH ratio varied with the change of Al/Bi ratio. Hence, 66 
the optimum SS/SH ratio for compressive strength may fluctuate, and needs to be identified depending 67 
on different alkaline solution (Al) and binder (Bi) materials, as well as Al/Bi mass ratios.  68 
Most of the studies that sought the optimum mix design of geopolymer materials were based on the 69 
compressive strength alone [19-22]. For example, Kupaei et al. [22] presented the experimental results 70 
of fly ash based oil palm shell geopolymer lightweight concrete and the optimum mix proportion was 71 
proposed based on compressive strength alone. Hadi et al. [13] applied the Taguchi method to find the 72 
optimum mix design but this method only considered the parameters that influence the compressive 73 
strength. However, the setting time and workability should also be taken into account for the optimum 74 
mix design to ensure it can work in practice. The setting time tests can be carried out by using Vicat 75 
apparatus [23]. To assess the workability of geopolymer paste, mini-slump tests have been used in some 76 
studies [18, 24, 25]. It has been proven that this test method can effectively measure the workability of 77 
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pastes and mortars. The common dimensions of the mini-slump cone are: top diameter 19 mm, bottom 78 
diameter 38 mm, and height 57 mm [18, 24, 25].  79 
In this study, the effects of GGBFS content, Al/Bi ratio, SS/SH ratio and Aw/Bi ratio, on the 80 
compressive strength, setting time, workability of geopolymer pastes were investigated by applying a 81 
series of geopolymer paste tests. The optimum mix proportion was found based on compressive strength, 82 
setting time and workability. At the same time, the properties of geopolymer pastes were compared to 83 
those of OPC pastes and the possibility of replacing OPC by geopolymer binder was discussed. After 84 
that, the geopolymer concrete specimens made at the optimum mix design and OPC concrete specimens 85 
were conducted. The aim of these concrete tests is to verify that this optimum mix design of geopolymer 86 
paste can be applied into concrete. There is a need for this study as it proposes a simple method for 87 
determining the optimum mix design of geopolymer concrete by first determining the optimum mix 88 
design of geopolymer pastes. This relatively simple and fast test methodology to obtain the optimum 89 
mix design of geopolymer concrete can help engineers save time and labour. Lastly, new mathematical 90 
models were proposed to predict the properties of geopolymer pastes, which showed high accuracy. 91 
2. Experimental Programme for Geopolymer Pastes 92 
2.1. Materials 93 
In this study, GGBFS and Class F FA were used as aluminosilicate sources. The GGBFS was supplied 94 
by the Australasian Slag Association [26]  and Class F FA was provided by Eraring Power Station 95 
Australia [27]. The FA was classified as Class F according to AS 3582.1 [28]. The chemical 96 
compositions of GGBFS [26] and FA [27]  are shown in Table 1. 97 
Sodium silicate solution and sodium hydroxide solution were blended together as alkaline activator. 98 
Solid granulated caustic soda was dissolved in water to make sodium hydroxide solution. The 99 
concentration of sodium hydroxide solution was kept constant (14 M) for all mixes. Sodium silicate 100 
solution was provided by a local commercial producer. The mass ratio of SiO2 to Na2O of the sodium 101 
silicate was 2.02 with chemical compositions of 29.6% SiO2 and 14.7% Na2O. 102 
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The OPC paste tests were conducted as comparative experiments. In this study, Type general purpose 103 
(GP) cement, which is in accordance with AS 3972 [29], was mixed with water to make OPC paste 104 
samples. Both the compressive strength and workability of the OPC pastes were compared with those 105 
of geopolymer pastes to see if the latter material can have better or equivalent performance than that of 106 
OPC pastes. For setting time, the AS 3792 [29] was used to judge if the setting time of geopolymer 107 
pastes can meet the requirements of setting times for Type GP cement.  108 
2.2. Mix Proportions 109 
Twenty-eight mixes of geopolymer pastes were designed to study the effects of four factors on the 110 
compressive strength, setting time and workability of geopolymer pastes. These four factors are GGBFS 111 
content (0%, 10%, 20%, 30%, 40%), SS/SH ratio (1.0, 1.5, 2.0, 2.5), Al/Bi ratio (0.4, 0.5, 0.6, 0.7) and 112 
Aw/Bi ratio (0.09, 0.12, 0.15). 113 
A labelling system was designed to clearly show the mix proportions of geopolymer pastes. Each mix 114 
was assigned nine characters. Although the name of mix is extensive, the labelling system is easy to 115 
understand.  116 
This labelling system includes abbreviations for the four variable parameters. The first two letters ‘Gx’ 117 
represents GGBFS content. It means the GGBFS content is x%. For example, ‘G40’ means the binder 118 
comprised 40% GGBFS. The following two letters “Sy” represents SS/SH ratio, where the SS/SH ratio 119 
is y. For example, ‘S2.5’ indicates a SS/SH ratio of 2.5. The third component ‘Az’ represents the Al/Bi 120 
ratio, where the Al/Bi ratio is z. For example, ‘A.5’ means an Al/Bi ratio of 0.5.  The final component 121 
‘Ws’ refers to the Aw/Bi ratio, where Aw/Bi ratio is s. For example, ‘W.09’ signifies an Aw/Bi ratio of 122 
0.09. 123 
There were three series of geopolymer paste tests in this study. In the first series, the effect of GGBFS 124 
content on the properties of geopolymer pastes were investigated. The values of GGBFS contents of 125 
0%, 10%, 20%, 30%, 40% were chosen. The values of Al/Bi ratio, SS/SH ratio, Aw/Bi ratio were kept 126 
constant at 0.5, 2.5 and 0.15, respectively. The detailed mix design can be seen in Table 2.  127 
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In the second series of geopolymer paste tests, the effects of Al/Bi ratios and SS/SH ratios were 128 
investigated. The values of Al/Bi ratios of 0.4, 0.5, 0.6, 0.7, and the values of SS/SH ratios of 1.0, 1.5, 129 
2.0, 2.5 were used. The GGBFS content and Aw/Bi ratio were kept at 40% and 0.15, respectively. The 130 
detailed mix proportions are shown in Table 3. In this study, the mutual influence of these two factors 131 
were investigated together, in comparison with other studies which investigated them separately [9, 17]. 132 
The third series of geopolymer paste tests investigated the effects of Aw/Bi ratio. This is because when 133 
GGBFS content was high in the geopolymer binder, additional water had to be added to increase the 134 
setting time and improve the workability [13, 30, 31]. The Aw/Bi ratio has been proven to have 135 
significant effect on the properties of geopolymer materials [13, 30, 31]. Hadi et al. [13] used 0.12 for 136 
the value of Aw/Bi. In this study, the values of the Aw/Bi ratios of 0.09, 0.12 and 0.15 were used. As 137 
mixes having Aw/Bi ratio of 0.15 were the same as Mixes G4-S25-A4-W.15, G4-S25-A5-W.15, G4-138 
S25-A6-W.15, G4-S25-A7-W.15 in Table 3, their testing results were shared in both parts. The details 139 
of mix designs are shown in Table 4.    140 
In this study, Type general purpose (GP) cement based on AS 3972 [29], which is one type of ordinary 141 
Portland cement (OPC), was used to conduct OPC paste and OPC concrete tests. A few trial mixes were 142 
conducted and it was found that when the w/c ratio was 0.3, the workability of OPC pastes was very 143 
low. It was difficult to cast OPC pastes properly into the mould. When the w/c ratio was 0.7, the problem 144 
of bleeding of OPC pastes was very obvious. Hence, w/c ratios of 0.4, 0.5 and 0.6 were used in this 145 
study. The mix design of OPC mixes are shown in Table 5. The labels used for these OPC paste tests 146 
are OPC.4, OPC.5 and OPC.6 referring to OPC and the w/c ratios. 147 
2.3. Mixing, Casting and Curing 148 
All tests were conducted under an ambient temperature of 23 ± 2 °C. The sodium hydroxide solution 149 
and sodium silicate solution were mixed together for about 1 hour before mixing with aluminosilicate 150 
source. A twenty Quart Hobart mixer [32] (shown in Fig. 1) was used to dry mix the FA and GGBFS 151 
for 2 min.  152 
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Afterwards, alkaline activator was added and mixed for 1 min. In this study, the concentration of sodium 153 
hydroxide solution was relatively high (14M) and the chemical reaction between aluminosilicate 154 
materials (FA and GGBFS) and alkaline activators was relatively fast. In addition, the paste test scale 155 
was small and it is easy to mix paste homogeneously. Therefore, a relatively short mixing time was 156 
adequate to mix the paste properly. After mixing with alkaline activators, extra water was poured into 157 
the mixer for another 2 min until the mix became well mixed and homogeneous.  158 
In this study, plastic moulds of 50 mm diameter and 100 mm height were used for casting the 159 
geopolymer pastes (shown in Fig. 2) to determine the compressive strength. Six samples were cast for 160 
each mix, three of them for 7-day compressive strength and three for 28-day compressive strength. The 161 
samples were kept in the laboratory at an ambient condition (23 ± 2°C) for 24 hours and demoulded. 162 
Afterwards, these specimens were cured at an ambient condition for 7 days or 28 days. 163 
2.4. Testing Methods 164 
The compressive strengths of OPC pastes and geopolymer pastes were determined at the age of 7 days 165 
and 28 days. The average of three cylinders tested under compression was taken as the nominal 166 
compressive strength. This test was done by using the Avery compression machine of 1800 kN loading 167 
capacity in the High Bay laboratory at the University of Wollongong, Australia (shown in Fig. 3 (a)). 168 
Initial and final setting times of OPC pastes and geopolymer pastes were measured from the start of 169 
mixing. The procedure was in accordance with AS 2350.4 [23] by using Vicat apparatus [23] (shown 170 
in Fig. 3 (b)). All setting time tests were conducted under an ambient temperature of 23 ± 2 °C. 171 
The workability of OPC pastes and geopolymer pastes was assessed by the mini-slump tests, which 172 
were similar to previous studies [18, 24, 25, 33]. The mini-slump mould was made by using 3D print 173 
technology (shown in Fig. 3 (c)). The dimensions of the mould are: top diameter 19 mm, bottom 174 
diameter 38 mm, and height 57 mm. The mould was placed firmly on a flat and horizontal plastic sheet. 175 
Then, it was filled with geopolymer paste and compacted with a small rod. The mould was removed 176 
vertically ensuring minimal lateral disturbance. From the moment of adding alkaline activator into 177 
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binder, the mini-slump test was conducted at 15 min intervals. Mini-slump tests were conducted for 178 
every mix at 15 min, 30 min, 45 min and 60 min.  The diameter of hardened base was measured at five 179 
locations and the average value was used to calculate the area [25]. 180 
2.5. Results and Discussion 181 
2.5.1. General 182 
Totally, four series of paste tests were conducted, including one series of OPC paste tests and three 183 
series of geopolymer paste tests. The setting time of geopolymer pastes were compared with the 184 
specified values in AS 3972 [29] for Type GP cement. In AS 3972 [29], the minimum initial setting 185 
time for Type GP cement is specified as 45 min and the maximum final setting time is specified as 360 186 
min. All testing results of 7-day and 28-day compressive strength, initial and final setting times, and 187 
mini-slump base area are summarized in Table 6. 188 
2.5.2. Results of OPC 189 
The compressive strength, setting time and mini-slump areas of three OPC mixes are shown in Table 6. 190 
It can be found that the highest 28-day compressive strength was achieved by Mix OPC.4, reaching 191 
45.7 MPa. With the increase of the water content, the compressive strength decreased significantly. The 192 
28-day compressive strength of Mixes OPC.5 and OPC.6 reduced by 20% and 32%, respectively. For 193 
the three OPC mixes, the 7-day compressive strength was about 60% of the 28-day compressive strength.  194 
From Table 6, it can be seen that the setting times of OPC pastes increased with the increase of water 195 
content. Mix OPC.4 achieved initial setting time of 220 min. The initial setting times of Mixes OPC.5 196 
and OPC.6 increased to 275 min and 332 min, respectively. The difference between initial and final 197 
setting time for OPC.4 was 122 min and those of Mixes OPC.5 and OPC.6 increased by 20% and 48%, 198 
respectively, as compared to Mix OPC.4.  199 
Mix OPC.4 had the lowest mini-slump base area. The mini-slump base areas of Mixes OPC.5 and 200 
OPC.6 were about 35% and 110% higher than that of Mix OPC.4 at 15 min, 30 min, 45 min and 60 201 
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min. However, for the three OPC mixes, the differences of mini-slump base area between 15 min and 202 
60 min were only around 1 × 103 mm2.  203 
2.5.3.  Effect of GGBFS content 204 
Mixes in Table 2 were designed with increasing the amount of GGBFS to investigate its effect on the 205 
properties of geopolymer pastes. All mixes in Table 2 were mixed with the same Al/Bi ratio, SS/SH 206 
ratio, and Aw/Bi ratio. The testing results of compressive strength, setting time and mini-slump base 207 
areas are shown in Fig. 4, Fig. 5 and Fig. 6, respectively. 208 
The compressive strength development of geopolymer pastes with the increase of GGBFS content are 209 
presented in Fig. 4. It is found that Mix G0-S25-A5-W.15, which has no slag, reacted slowly to develop 210 
compressive strength at ambient condition. The 28-day compressive strength of Mix G0-S2.5-A.5-W.15 211 
was only 12.4 MPa. However, when GGBFS was added, the compressive strength increased 212 
significantly. At 28 days, the geopolymer paste mixes having 10% (G10-S2.5-A.5-W.15), 20% (G20-213 
S2.5-A.5-W.15), 30% (G30-S2.5-A.5-W.15) and 40% (G40-S2.5-A.5-W.15) GGBFS of total binder 214 
achieved 98%, 169%, 253% and 293% higher compressive strength than that of Mix G0-S2.5-A.5-215 
W.15, respectively. This trend is similar to those of many other research studies [9, 13]. The reason for 216 
this trend is that the microstructure of geopolymer pastes containing higher amount of GGBFS was 217 
denser due to increasing formation of C-S-H gel [12]. The variation of 7-day compressive strength had 218 
a similar trend to 28-day compressive strength. But the values of 7-day compressive strength were 219 
around 60% of the 28-day compressive strength. On the other hand, compared with the highest 28-day 220 
compressive strength of OPC mixes (OPC.4, 45.7MPa), only Mix G40-S2.5-A.5-W.15 had higher 28-221 
day compressive strength (47.9MPa).  222 
Figure 5 shows the initial and final setting times of geopolymer pastes with different contents of GGBFS. 223 
For Mix G0-S2.5-A.5-W.15 with no GGBFS, the initial and final setting times, was more than 20 hours 224 
and 25 hours, respectively. However, when GGBFS was incorporated in the mixes, both initial and final 225 
setting times decreased significantly. The initial setting time of Mix G10-S2.5-A.5-W.15 decreased by 226 
73% even with a 10% addition of GGBFS in the binder. As for Mixes G20-S2.5-A.5-W.15, G30-S2.5-227 
10 
 
A.5-W.15 and G40-S2.5-A.5-W.15, the initial setting time decreased with the increase of GGBFS 228 
content, by 83%, 90%, and 95% compared with that of Mix G0-S2.5-A.5-W.15, respectively. The 229 
variation of final setting time had a similar trend to that of initial setting time. Furthermore, the 230 
difference between initial and final setting times reduced with the increase of GGBFS content. Such 231 
difference of Mix G10-S2.5-A.5-W.15 was 144 min which reduced to 78 min, 76 min and 57 min for 232 
Mixes G20-S2.5-A.5-W.15, G30-S2.5-A.5-W.15 and G40-S2.5-A.5-W.15, respectively. These results 233 
proved the fact that increasing the GGBFS content can greatly accelerate the setting of geopolymer 234 
pastes [9, 13]. Since the minimum initial setting time allowed for Type GP cement is 45 min and the 235 
maximum final setting time is 360 min according to AS 3792 [29], it can be found that Mixes G20-236 
S2.5-A.5-W.15, G30-S2.5-A.5-W.15 and G40-S2.5-A.5-W.15 met this requirement. 237 
Figure 6 shows the effect of GGBFS content on mini-slump testing results of geopolymer pastes and 238 
the results of three OPC mixes are also included. It can be seen that the mini-slump base areas of 239 
geopolymer pastes decreased significantly with the increase of GGBFS content. The relationship 240 
between mini-slump base area and time is nearly linear. It can also be found that the difference of base 241 
areas between 15 min and 60 min became larger with the increase of GGBFS content. For Mix G0-242 
S2.5-A.5-W.15, the difference of base area between 15 min and 60 min was 1.4 × 103 mm2, and those 243 
of Mixes G10-S2.5-A.5-W.15, G20-S2.5-A.5-W.15, G30-S2.5-A.5-W.15 and G40-S2.5-A.5-W.15 244 
increased to 6.7 × 103 mm2, 8.9 × 103 mm2, 10.8 × 103 mm2 and 15.2 × 103 mm2, respectively. In other 245 
words, with the increase of GGBFS content, the mini-slump base area decreased more rapidly. This is 246 
due to the fact that the polymerization processes is accelerated with the increase of GGBFS content [9]. 247 
Within 60 min, the workability of all geopolymer paste mixes in Fig. 6 was better than those of OPC 248 
pastes. However, for all OPC paste mixes, the base areas remained stable from 15 min to 60 min.  249 
2.5.4.  Effect of Al/Bi ratio and SS/SH ratio 250 
In this section, the effects of both alkaline solution to binder mass (Al/Bi) ratio and sodium silicate to 251 
sodium hydroxide mass (SS/SH) ratio on the properties of geopolymer pastes were investigated by the 252 
mixes shown in Table 3. The effect of Al/Bi ratio on the optimum SS/SH ratio was also investigated.  253 
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Figure 7 shows the compressive strength development of geopolymer pastes due to the increases of 254 
Al/Bi ratios and SS/SH ratios. Every four mixes, which had the same SS/SH ratio but different Al/Bi 255 
ratios, are drawn into one curve. It can be seen that with the increase of Al/Bi ratio, the compressive 256 
strengths of each curve decreased significantly. On the other hand, it is found that the four specimens 257 
of SS/SH of 2.0 achieved the highest 28-day compressive strength compared with those of other SS/SH 258 
ratios. Hence in this study, the optimum SS/SH ratio was 2.0 for all Al/Bi ratios. However, the 28-day 259 
compressive strength curve of SS/SH of 2.5 was slightly lower than the curve of SS/SH of 2.0. The 260 
lowest 28-day compressive strength was achieved when the SS/SH was equal to 1.0.  This is due to the 261 
fact that a rise in the silica content leads to more densely packed, polymerised gels with excellent 262 
mechanical properties [34, 35]. However, the compressive strength drops when more silicate is added, 263 
since excess sodium silicate hinders water evaporation and structure formation [17]. The variation of 7-264 
day compressive strength in this section had a similar trend to that of 28-day compressive strength. In 265 
addition, compared to the OPC mixes, it can be seen that Mixes G40-S2.0-A.4-W.15, G40-S2.5-A.4-266 
W.15 had higher 7-day and 28-day compressive strength than those of all OPC mixes. 267 
The initial and final setting times were influenced significantly by the Al/Bi ratio and SS/SH ratio as 268 
shown in Fig. 8. It can be seen that the relationships between the Al/Bi ratio and the initial and final 269 
setting times are nearly linear. With the increase of Al/Bi ratio, the initial and final setting times 270 
increased significantly. The final setting times increased by around 75% compared to initial setting 271 
times. This is due to the fact that excess alkaline solution increase the amount of water in the mix which 272 
hindered geopolymerization [36]. On the other hand, it was found that initial and final setting times 273 
decreased when the SS/SH ratio increased. This is because when the amount of soluble silica is 274 
increased, the polymerization processes is accelerated to some extent [9]. In addition, it is noted that all 275 
mixes in Fig. 8 met the requirement of final setting time stated in AS 3972 [29] for comparison. The 276 
initial setting time requirement was met by all of the mixes, except Mix G4-S25-A4-W.15. 277 
Figure 9 shows the results of mini-slump tests influenced by Al/Bi ratios and SS/SH ratios, and the 278 
results of OPC mixes are also included for comparison. From Fig. 9 (a), it is noted that over 30 min, the 279 
pastes of Mixes G40-S2.0-A.4-W.15 and G40-S2.5-A.4-W.15 became too stiff to be cast into mini-280 
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slump cone. Over 45 min, the pastes of Mixes G40-S1.0-A.4-W.15 and G40-S1.5-A.4-W.15 could not 281 
be cast into the mini-slump mould. In Fig. 9 (b) (c) (d), it can be seen that all mixes can be cast into the 282 
mould in 60 min and had higher mini-slump base areas than those of all OPC mixes. It is found that 283 
with the increase of SS/SH ratio, the mini-slump base areas decrease to some extent. This is because 284 
the viscosity of sodium silicate solution is much higher than water and sodium hydroxide solution [9]. 285 
The viscosity would increase with the rise of SS/SH ratio. From Fig. 9, it can also be concluded that 286 
with the increase of Al/Bi ratio, the mini-slump base areas increase significantly. This is because the 287 
increase of liquid content can improve the workability of geopolymer pastes [9].  288 
2.5.5.  Effect of Additional Water 289 
Although some studies have proven that the additional water has negative effects on compressive 290 
strength of geopolymer concrete [11, 13, 30], sometimes additional water has to be used to improve 291 
workability and prolong setting times [13, 30], especially for geopolymer concrete containing slag. In 292 
this study, the amount of additional water was controlled by the additional water to binder (Aw/Bi) ratio. 293 
Mixes which investigate the effect of additional water were presented in Table 4. Test results under 294 
Aw/Bi of 0.15 obtained in Section 2.5.4 were used here for studying the influence of additional water 295 
here. 296 
As shown in Fig. 10, the 7-day and 28-day compressive strength of geopolymer pastes reduced when 297 
more additional water was added. Mixes with Aw/Bi of 0.09 had the highest 7-day and 28-day 298 
compressive strength.  299 
Figure 11 indicates that initial and final setting times of geopolymer pastes increased with the increase 300 
of Aw/Bi ratio. However, the three Mixes G40-S2.5-A.4-W.09, G40-S2.5-A.4-W.12 and G40-S2.5-301 
A.4-W.15 with Al/Bi ratio of 0.4 did not meet the requirement of setting times for Type GP cement as 302 
stated in AS 3972 [29], because their initial setting times were lower than the minimum required value 303 
of 45 min. The initial and final setting times of  other geopolymer paste mixes in Fig. 11 were considered 304 
satisfactory based on AS 3972 [29] (presented in Section 2.5.1). 305 
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Figure 12 shows the effect of additional water on the workability which was measured in the mini-306 
slump tests. It is found that increasing the additional water can lead to larger mini-slump base area. It 307 
is also noted that some geopolymer pastes suffered flash setting. The paste of Mix G40-S2.5-A.4-W.09 308 
(Fig. 12 (a)) could only be cast at 15 min. The geopolymer paste of Mixes G40-S2.5-A.4-W.12 (Fig. 309 
12 (a)), G40-S2.5-A.4-W.15 (Fig. 12 (a)) and G40-S2.5-A.5-W.09 (Fig. 12 (b)) could be cast before 30 310 
min. The paste of Mix G40-S2.5-A.6-W.09 could be cast before 45 min.  311 
2.5.6.  Optimum mix design 312 
In this study, three requirements were proposed to define the optimum mix design of geopolymer pastes: 313 
(1) the workability (assessed by mini-slump test results) of geopolymer pastes is same as or better than 314 
that of OPC pastes at 60 min after mixing; (2) the initial and final setting times of geopolymer paste 315 
satisfy the requirement of setting times for Type GP cement in AS 3792 [29]; (3) on the basis of 316 
satisfying the first two requirements, the compressive strength of geopolymer paste is the highest. 317 
Among all geopolymer paste mixes, Mix G40-S2.0-A.5-W.15 was determined as the optimum mix 318 
design.  319 
The 28-day compressive strength of Mix G40-S2.0-A.5-W.15 was 48.7 MPa. It is found that two mixes 320 
shown in Fig. 7 and five mixes shown in Fig. 10 had higher 28-day compressive strength than that of 321 
Mix G40-S2.0-A.5-W.15. However, their mini-slump tests (shown in Fig. 9(a), Fig. 12(a) and (b)) 322 
indicated that they failed to be cast at 60 min after mixing. In other words, their workability did not 323 
meet the first requirement of optimum mix design. In addition, the mini-slump base area of Mix G40-324 
S2.0-A5-W.15 was higher than those of all OPC mixes (Fig. 9(b)) within 60 min. Mix G40-S2.0-A5-325 
W.15 achieved the highest compressive strength among the geopolymer pastes which meet the first 326 
requirement of optimum mix design. At the same time, the initial and final setting times of Mix G40-327 
S2.0-A.5-W.15 were 85 min and 137 min, which meet the setting time requirement in AS 3792 [29] 328 
(presented in Section 2.5.1). In conclusion, geopolymer paste of Mix G40-S2.0-A.5-W.15 is the 329 
optimum mix. 330 
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On the other hand, it was found that the 28-day compressive strength of Mix G40-S2.0-A.5-W.15 was 331 
higher than those of all OPC mixes (Fig. 7). Hence, the geopolymer paste under optimum mix design 332 
is suitable to replace OPC pastes. 333 
3. Experimental Programme for Geopolymer Concrete and OPC Concrete 334 
The geopolymer concrete tests based on optimum mix design of geopolymer paste (Mix G40-S2.0-A.5-335 
W.15) was conducted. The OPC concrete tests were also carried out as references. The aim of these 336 
concrete tests was to verify whether this optimum mix design of geopolymer paste can be applied into 337 
geopolymer concrete.  338 
The mix of geopolymer concrete with optimum mix design was named as “GC”, and its mix design was 339 
shown in Table 7. For the OPC concrete, w/c ratios of 0.4, 0.5 and 0.6 were adopted and the mixes were 340 
named as OC.4, OC.5 and OC.6. The mix designs of OPC concrete were shown in Table 8.  341 
A Lightburn 65 litre mixer was used to mix the concrete. Six concrete cylinders (100 mm × 200 mm) 342 
were cast for each mix of concrete. The mixing procedures for geopolymer concrete were same as those 343 
of geopolymer paste. Due to the small scale concrete tests, 2 min was adequate to mix dry materials 344 
homogeneously (GGBFS, FA, coarse aggregate and sand), and a total of 3 min was adequate to mix dry 345 
materials with alkaline activators and extra water homogeneously. These mixing times may need to be 346 
increased when mixing larger quantities of geopolymer concrete.  347 
The 7-day and 28-day compressive strength tests and slump tests of geopolymer concrete and OPC 348 
concrete were conducted, and the results are shown in Table 9. It can be found that the 28-day 349 
compressive strength of geopolymer concrete was higher than those of OPC concrete. At the same time, 350 
the slump of geopolymer concrete with the optimum mix design is larger than those of OPC concrete. 351 
Hence, the mechanical properties of geopolymer concrete under optimum mix design are better than 352 
those of OPC concrete. In other words, the optimum mix design of geopolymer paste is suitable for the 353 
geopolymer concrete. 354 
4. The Mathematical Regression Model 355 
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Numerous studies have used multivariable regression models to predict the properties of paste, mortar 356 
and concrete with excellent results [14, 37-40]. Some of these studies applied multivariable power 357 
equation to predict the properties of concrete [14, 37, 38]. In this study, a new form of mathematical 358 
multivariable regression model was proposed, which was similar to multivariable power equation. 359 
However, here the polynomial equations was used to replace the power equations. 360 
4.1. 28-day Compressive Strength Prediction Model 361 
The procedure of proposing the 28-day compressive strength prediction model can be divided into four 362 
steps. The first step only considers one factor. Then, each step after the first step considers one more 363 
factor. The final model considered four factors, including GGBFS content, Al/Bi ratio, SS/SH ratio and 364 
Aw/Bi ratio. The multivariable regression models was proposed by using the CFTOOL box built in 365 
Matlab R2016b [41]. 366 
Firstly, the factor of GGBFS content was considered. According to the GGBFS content shown in Table 367 
2 and 28-day compressive strength results shown in Fig. 4, the polynomial regression equation was 368 
proposed as follows: 369 
( )21 1( ) 0.01 1.3 12.4G G Gf F C C C= = − × + × +  (1) 
where CG is the value of GGBFS content; F1 is the polynomial regression equation considering the 370 
effect of GGBFS content; f1 is the predicted 28-day compressive strength considering the effect of 371 
GGBFS content. The predicted results are shown in Fig. 13(a). It can be seen that the predicted results 372 
matched well with the experimental results. 373 
After that, the factor of Al/Bi ratios was considered. The polynomial regression equation was proposed 374 
based on the mix proportions and 28-day compressive strength of Mixes G40-S2.5-A.4-W.15, G40-375 
S2.5-A.5-W.15, G40-S2.5-A.6-W.15, and G40-S2.5-A.7-W.15 shown in Table 3 and Fig. 7. This 376 
equation has the following form: 377 




2 ( / ) 6.4 ( / ) 5.2 ( / )F Al Bi Al Bi Al Bi= − × + ×  (3) 
where F2 is the polynomial regression equation considering the effect of Al/Bi; f2 is the predicted 28-378 
day compressive strength considering the effects of GGBFS content and Al/Bi. The predicted results 379 
are shown in Fig. 13(b). It can be found that the predicted results matched well with the experimental 380 
results. In addition, when the Al/Bi is equal to 0.5, the value of F2 is 1 and Eq. (2) is equal to Eq. (1). 381 
This means that Eq. (2) can also be used to predict the test results predicted by Eq. (1). 382 
Next, the factor of SS/SH ratios was considered. The polynomial regression equation was proposed 383 
based on the mix proportions shown in Table 3 and the 28-day compressive strength results shown in 384 
Fig. 7. This equation has the following form: 385 
3 3 2 1( / ) ( / ) ( )Gf F SS SH F Al Bi F C= × ×  (4) 
3 2
3 ( / ) 0.3 ( / ) 1.4 ( / ) 1.8 ( / ) 1.4375F SS SH SS SH SS SH SS SH= − × + × − × +  (5) 
where F3 is the polynomial regression equation considering the effect of SS/SH ratio; f3 is the predicted 386 
28-day compressive strength considering the effects of GGBFS content, Al/Bi ratio and SS/SH ratio. 387 
The predicted results are shown in Fig. 13(b). It can be found that the predicted results matched well 388 
with the experimental results. In addition, when the SS/SH is equal to 2.5, the value of F3 is 1 and Eq. 389 
(4) is equal to Eq. (2). This means the Eq. (4) can also be used to predict the test results predicted by 390 
Eq. (1) and Eq. (2). 391 
Finally, the factor of Aw/Bi ratios was considered. According to the mix proportions shown in Table 4 392 
and the 28-day compressive strength results shown in Fig. 10, the polynomial regression equation was 393 
proposed as follows: 394 
4 4 3 2 1( / ) ( / ) ( / ) ( )Gf F Aw Bi F SS SH F Al Bi F C= × × ×  (6) 
2
4 ( / ) 22.22 ( / ) 2 ( / ) 1.2F Aw Bi Aw Bi Aw Bi= − × + × +  (7) 
where F4 is the polynomial regression equation considering the effect of Aw/Bi ratio; f4 is the predicted 395 
28-day compressive strength considering the effects of GGBFS content, Al/Bi ratio, SS/SH ratio and 396 
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Aw/Bi ratio. The predicted results are shown in Fig. 13(c). It can be found that the predicted results 397 
matched well with the experimental results. In addition, when the Aw/Bi is equal to 0.15, the value of 398 
F4 is 1 and Eq. (6) is equal to Eq. (4). This means Eq. (6) can also be used to predict the test results 399 
predicted by Eq. (1), Eq. (2) and Eq. (4). Equation (6) is the final prediction model for 28-day 400 
compressive strength of geopolymer paste. 401 
To evaluate the performance of prediction model, Eq. (6) was used to calculate all the mixes shown in 402 
Table 2, Table 3 and Table 4. The comparison between predicted results by using Eq. (6) and 403 
experimental results are shown in Fig. 13(d). It was found that the value of correlation coefficient was 404 
0.983, which means this mathematical model can predict the 28-day compressive strength with very 405 
high accuracy due to the selection of appropriate equations. 406 
4.2. Initial Setting Time Model 407 
The procedure of proposing the initial setting time prediction model was similar to that of 28-day 408 
compressive strength. The final prediction model are shown as follows: 409 









2 ( / ) 3.5 ( / ) 0.75S Al Bi Al Bi= × −  (10) 
3( / ) 0.4 ( / ) 2S SS SH SS SH= − × +  (11) 
4 ( / ) 4.5 ( / ) 0.325S Aw Bi Aw Bi= × +  (12) 
where S1 is the non-linear regression equation for initial setting time considering the effect of GGBFS 410 
content; S2 is the polynomial regression equation for initial setting time considering the effect of Al/Bi 411 
ratio; S3 is the polynomial regression equation for initial setting time considering the effect of SS/SH 412 
ratio; S4 is the polynomial regression equation for initial setting time considering the effect of Aw/Bi 413 
ratio; and s4 is the predicted initial setting time. 414 
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The performance of Eq. (8) is shown in Fig. 14. It was found that the value of correlation coefficient 415 
was 0.999, which means Eq. (8) can predict the initial setting time with very high accuracy due to the 416 
selection of appropriate equations.  417 
In addition, according to the test results shown in Table 6, it was found that the final setting times were 418 
approximately twice the initial setting times. Therefore, the predicted final setting times can be obtained 419 
through multiplying initial setting times by two. 420 
4.3. Mini Slump Test Model 421 
The procedure of proposing the mini slump test prediction model was similar to that of 28-day 422 
compressive strength model. However, the effect of the time after mixing should be considered. The 423 
final prediction model was proposed as follows: 424 
4 4 3 2 1
4 3 2 1
( / ) ( / ) ( / ) ( )
       ( / ) ( / ) ( / ) ( ) ( 15)
G
G
w W Aw Bi W SS SH W Al Bi W C
R Aw Bi R SS SH R Al Bi R C t
= × × ×
− × × × × −
 (13) 
1( ) 0.25 32G GW C C= − × +  (14) 
2 ( / ) 2.4 ( / 0.27)W Al Bi Al Bi= × −  (15) 
3( / ) 0.09 ( / ) 1.22W SS SH SS SH= − × +  (16) 
4 ( / ) 6.3 ( / ) 0.055W Aw Bi Aw Bi= × +  (17) 
 425 
1( ) 0.007 0.05G GR C C= − × −  (18) 
2
2 ( / ) 7.4 ( / ) 10.3 ( / ) 4.3R Al Bi Al Bi Al Bi= × − × +  (19) 
3 ( / ) 0.18 ( / ) 0.55R SS SH SS SH= × +  (20) 
4 ( / ) 9.4 ( / ) 2.41R Aw Bi Aw Bi= − × +  (21) 
where W1, W2, W3, and W4 are the polynomial regression equations for mini slump test results at 15 min, 426 
considering the effects of GGBFS content, Al/Bi ratio, SS/SH ratio and Aw/Bi ratio, respectively; the 427 
R1, R2, R3, and R4 are the polynomial regression equations for the slope of mini slump test results versus 428 
time, considering the effects of GGBFS content, Al/Bi ratio, SS/SH ratio and Aw/Bi ratio, respectively; 429 
t is the time after mixing; and w4 is the predicted mini slump test results. 430 
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The performance of Eq. (13) was shown in Fig. 15. It was found that the value of correlation coefficient 431 
was 0.985, which means Eq. (13) can predict the initial setting time with very high accuracy due to the 432 
selection of appropriate equations. 433 
5. Conclusion 434 
Twenty-eight geopolymer paste mixes and three OPC paste mixes were examined to investigate the 435 
effects of GGBFS content, alkaline solution/binder (Al/Bi) mass ratio and sodium silicate 436 
solution/sodium hydroxide solution (SS/SH) mass ratio, additional water/binder (Aw/Bi) mass ratio on 437 
the properties of geopolymer paste. The testing results of geopolymer paste are compared with those of 438 
the ordinary Portland cement (OPC) pastes. The results can be summarised as follows: 439 
 With the increase of GGBFS content in geopolymer pastes, the compressive strength increased 440 
significantly but the setting times and workability reduced sharply. Also, increasing the GGBFS 441 
content led to faster decrease rate of the mini-slump base area. 442 
 The increase of Al/Bi ratio resulted in a decrease of the compressive strength, but increases of 443 
workability and setting times. 444 
 When the SS/SH ratio increased from 1.0 to 2, the compressive strength increased. However, when 445 
the SS/SH ratio increased from 2.0 to 2.5, the compressive strength decreased. The optimum SS/SH 446 
ratio was 2 for all Al/Bi ratios (0.4, 0.5, 0.6, 0.7). In addition, the increase of SS/SH ratio resulted 447 
in the decrease of initial and final setting times and mini-slump base area. 448 
 When increasing the Aw/Bi ratio, the compressive strength reduced but the initial and final setting 449 
times and workability increased. 450 
 The optimum mix was found to have GGBFS content of 40%, Al/Bi ratio of 0.5, SS/SH ratio of 2.0, 451 
and Aw/Bi ratio of 0.15, from 28 geopolymer paste mixes. It achieved not only high compressive 452 
strength, but also enough setting times and workability. Also, the geopolymer paste under the 453 
optimum mix design is suitable to replace OPC pastes. 454 
 The geopolymer concrete tests based on optimum mix design of geopolymer paste (G40-S2.0-A.5-455 
W.15) was conducted. The OPC concrete samples were also carried out as references. It was found 456 
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that the mechanical properties of geopolymer concrete under optimum mix design are better than 457 
those of OPC concrete. 458 
 The multivariable regression models based on polynomial equations were proposed to predict the 459 
28-day compressive strength, initial setting times and mini slump test results. It was found that the 460 
predicted results were in good agreement with the experimental results. 461 
It is worth noting that the present study presented a relatively simple and fast test methodology to obtain 462 
the optimum mix design of geopolymer paste and concrete. At first, a series of small scale geopolymer 463 
paste tests were conducted to find the optimum mix design. Then the geopolymer concrete tests based 464 
on this optimum mix design were carried out, which is used to ensure this optimum mix design can also 465 
be applied to concrete. This method can help engineers save a large amount of time and labour. 466 
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Table 1. Chemical compositions  (mass%) for ground granulated blast furnace slag (GGBFS) 
[26], Fly ash (FA) [27]. 
Component GGBFS (%) [24] FA (%) [25] 
SiO2 32.4 62.2 
Al2O3 14.96 27.5 
Fe2O3 0.83 3.92 
CaO 40.7 2.27 
MgO 5.99 1.05 
K2O 0.29 1.24 
Na2O 0.42 0.52 
TiO2 0.84 0.16 
P2O5 0.38 0.30 
Mn2O3 0.40 0.09 













Al/Bi SS/SH Aw/Bi 
G0-S2.5-A.5-W.15 0 1061 0 0.5 2.5 0.15 
G10-S2.5-A.5-W.15 107 966 10 0.5 2.5 0.15 
G20-S2.5-A.5-W.15 217 868 20 0.5 2.5 0.15 
G30-S2.5-A.5-W.15 329 768 30 0.5 2.5 0.15 
G40-S2.5-A.5-W.15* 444 666 40 0.5 2.5 0.15 











Al/Bi SS/SH Aw/Bi 
G40-S1.0-A.4-W.15 477 715 40 0.4 1.0 0.15 
G40-S1.5-A.4-W.15 478 718 40 0.4 1.5 0.15 
G40-S2.0-A.4-W.15 479 719 40 0.4 2.0 0.15 
G40-S2.5-A.4-W.15* 480 720 40 0.4 2.5 0.15 
G40-S1.0-A.5-W.15 441 661 40 0.5 1.0 0.15 
G40-S1.5-A.5-W.15 442 663 40 0.5 1.5 0.15 
G40-S2.0-A.5-W.15 443 664 40 0.5 2.0 0.15 
G40-S2.5-A.5-W.15** 444 666 40 0.5 2.5 0.15 
G40-S1.0-A.6-W.15 410 615 40 0.6 1.0 0.15 
G40-S1.5-A.6-W.15 411 617 40 0.6 1.5 0.15 
G40-S2.0-A.6-W.15 412 618 40 0.6 2.0 0.15 
G40-S2.5-A.6-W.15* 413 620 40 0.6 2.5 0.15 
G40-S1.0-A.7-W.15 383 574 40 0.7 1.0 0.15 
G40-S1.5-A.7-W.15 384 576 40 0.7 1.5 0.15 
G40-S2.0-A.7-W.15 385 578 40 0.7 2.0 0.15 
G40-S2.5-A.7-W.15* 386 579 40 0.7 2.5 0.15 
*The same mixes in Table 4. 











Al/Bi SS/SH Aw/Bi 
G40-S2.5-A.4-W.09 517 776 40 0.4 2.5 0.09 
G40-S2.5-A.5-W.09 476 714 40 0.5 2.5 0.09 
G40-S2.5-A.6-W.09 440 661 40 0.6 2.5 0.09 
G40-S2.5-A.7-W.09 410 615 40 0.7 2.5 0.09 
G40-S2.5-A.4-W.12 498 747 40 0.4 2.5 0.12 
G40-S2.5-A.5-W.12 459 689 40 0.5 2.5 0.12 
G40-S2.5-A.6-W.12 426 639 40 0.6 2.5 0.12 
G40-S2.5-A.7-W.12 397 596 40 0.7 2.5 0.12 
G40-S2.5-A.4-W.15* 480 720 40 0.4 2.5 0.15 
G40-S2.5-A.5-W.15** 444 666 40 0.5 2.5 0.15 
G40-S2.5-A.6-W.15* 413 620 40 0.6 2.5 0.15 
G40-S2.5-A.7-W.15* 386 579 40 0.7 2.5 0.15 
*The same mixes in Table 3. 











OPC.4 0.4 1389 556 
OPC.5 0.5 1220 610 


































OPC.4 27.5 45.7 220 342 3.5 3.2 3.1 2.7 
OPC.5 21.3 36.5 275 421 4.7 4.3 4.1 3.8 
OPC.6 18.7 31.2 332 513 7.1 6.9 6.4 6.1 
G0-S2.5-A.5-W.15 5.6 12.4 1220 1507 32.2 31.4 31.6 30.8 
G10-S2.5-A.5-W.15 14.8 24.6 324 468 29.1 26.8 24.3 22.4 
G20-S2.5-A.5-W.15 22.4 33.3 207 285 27.4 22.8 21.4 18.5 
G30-S2.5-A.5-W.15 25.1 43.8 119 195 24.3 18.6 15.4 13.5 
G40-S2.5-A.5-W.15* 28.0 47.9 66 123 22.3 14.6 10.2 7.1 
G40-S1.0-A.4-W.15 22.7 37.7 76 124 16.1 11.8 5.4 - 
G40-S1.5-A.4-W.15 27.0 43.0 58 106 15.4 9.7 3.8 - 
G40-S2.0-A.4-W.15 30.0 51.3 50 82 14.8 8.2 - - 
G40-S2.5-A.4-W.15* 29.5 49.7 41 69 14.3 7.1 - - 
G40-S1.0-A.5-W.15 20.9 34.6 106 202 25.4 22.8 17.1 13.7 
G40-S1.5-A.5-W.15 26.5 41.4 91 168 24.8 19.8 14.2 11.4 
G40-S2.0-A.5-W.15 28.4 48.7 85 137 23.1 17.2 12.4 9.7 
G40-S2.5-A.5-W.15* 28.0 47.9 66 123 22.3 14.6 10.2 7.1 
G40-S1.0-A.6-W.15 15.3 26.5 140 267 29.7 26.3 23.8 21.4 
G40-S1.5-A.6-W.15 19.2 33.1 118 222 28.9 25.1 21.5 16.3 
G40-S2.0-A.6-W.15 22.3 40.4 103 189 27.5 23.7 19.4 14.4 
G40-S2.5-A.6-W.15* 21.1 37.5 92 175 26.3 21.5 17.0 13.2 
G40-S1.0-A.7-W.15 10.7 17.5 176 301 34.8 32.1 29.6 26.7 
G40-S1.5-A.7-W.15 11.0 21.7 149 255 33.1 29.3 26.5 24.1 
G40-S2.0-A.7-W.15 13.4 25.0 127 233 31.8 28.1 25.4 22.7 
G40-S2.5-A.7-W.15* 13.0 23.4 109 201 30.6 26.4 22.8 19.4 
G40-S2.5-A.4-W.09 32.3 59.4 28 39 8.1 - - - 
G40-S2.5-A.5-W.09 31.9 57.6 45 86 12.5 3.7 - - 
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G40-S2.5-A.6-W.09 25.3 48.0 69 133 18.2 11.3 4.1 - 
G40-S2.5-A.7-W.09 16.6 38.9 89 169 20.5 14.6 8.3 3.6 
G40-S2.5-A.4-W.12 30.0 54.5 33 58 11.4 3.6 - - 
G40-S2.5-A.5-W.12 29.0 51.8 59 111 16.8 9.1 3.4 - 
G40-S2.5-A.6-W.12 22.6 43.6 79 152 21.4 15.8 11.1 5.6 
G40-S2.5-A.7-W.12 13.2 30.9 99 181 25.3 20.1 15.8 9.6 
G40-S2.5-A.4-W.15* 29.5 49.7 41 69 14.3 7.1 - - 
G40-S2.5-A.5-W.15* 28.0 47.9 66 123 22.3 14.6 10.2 7.1 
G40-S2.5-A.6-W.15* 21.1 37.5 92 175 26.3 21.5 17.0 13.2 
G40-S2.5-A.7-W.15* 13.0 23.4 109 201 30.6 26.4 22.8 19.4 
*The same mixes in Table 3 and Table 4. 




















GC 160 240 1039 675 133.3 66.7 60 
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OC.4 400 1157 752 160 
OC.5 400 1092 709 200 
























GC 29.1 49.2 112 101 89 70 
OC.4 28.5 46.6 43 41 37 35 
OC.5 21.9 38.1 58 55 51 47 
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           (a) Compression testing machine                     (b) Vicat apparatus 
              
           (c) Mini-slump cone diagram                       (d) Mini-slump cone photo 
Fig. 3. Testing devices: (a) Compression testing machine; (b) Vicat apparatus; (c) Mini-slump 

































































































Fig. 7. Effect of alkaline solution to binder (Al/Bi) ratio and sodium silicate solution to sodium 




































Mixes had higher compressive strength than




Fig. 8. Effect of alkaline solution to binder (Al/Bi) ratio and sodium silicate solution to sodium 





















Al/Bi ratio (w/c ratio for OPC)
SS/SH=1.0 (Initial Setting Time)
SS/SH=1.5 (Initial Setting Time)
SS/SH=2.0 (Initial Setting Time)
SS/SH=2.5 (Initial Setting Time)
SS/SH=1.0 (Final Setting Time)
SS/SH=1.5 (Final Setting Time)
SS/SH=2.0 (Final Setting Time)
SS/SH=2.5 (Final Setting Time)
Reference line for initial setting time
(45 min)




   
  
Fig. 9. Effect of alkaline solution to binder (Al/Bi) ratio and sodium silicate solution to sodium 




































The mixes had higher compressive strength 
















































































































































Reference line for compressive
strength of optimum mix design




























Aw/Bi=0.09 (Initial Setting Time)
Aw/Bi=0.09 (Final Setting Time)
Aw/Bi=0.12 (Initial Setting Time)
Aw/Bi=0.12 (Final Setting Time)
Aw/Bi=0.15 (Initial Setting Time)
Aw/Bi=0.15 (Final Setting Time)
Reference line for minimal intial
setting time (45 min)
Reference line for maximum final
setting time (360 min)
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The mixes had higher compressive strength 


































The mixes had higher compressive strength 







































































    
            (a) Predicted results by using Eq. (1)               (b) Predicted results by using Eq. (2) and Eq. (4) 
 
          
            (c) Predicted results by using Eq. (6)                        (d) Performance of Eq. (6) for all mixes 























































Predicted SS/SH=1 (28 days)
Predicted SS/SH=1.5 (28 days)
Predicted SS/SH=2.0 (28 days)
































































































































Experimental Mini-slump Base Area (103 mm2)
